Output... Table 5  Table 6  Table 7 Equation 1 Abstract Objectives: The primary goal of this study was to evaluate alternative tympanometric parameters for distinguishing normal middle ears from ears with otosclerosis. A secondary goal was to provide guidelines and normative data for interpreting multifrequency tympanometry obtained using the Virtual 310 immittance system. Design: Nine tympanometric measures were examined in 68 normal ears and 14 ears with surgically confirmed otosclerosis. No subjects in either group had a history of head trauma or otoscopic evidence of eardrum abnormalities. Two parameters, static admittance and tympanometric width, were derived from standard low-frequency tympanometry and two parameters, resonant frequency and frequency corresponding to admittance phase angle of 45 [degrees] (F45[degrees]), were derived from multifrequency tympanometry.
Results and Discussion
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History... Standard and Multifrequen... Tympanometry is a safe and quick method for assessing middle ear function. Since the pioneering work of Terkildsen and his colleagues (e.g., Terkildsen & Thomson, 1959) , tympanometry performed using a low probe tone frequency has proven its validity in identifying a variety of middle ear disorders (e.g., effusion or abnormal air pressures within the middle ear cavity), tympanic membrane abnormalities (e.g., atrophic scarring, retraction, or perforation) and Eustachian tube malfunction (Lilly, 1984) . However, standard low-frequency tympanometry often fails to distinguish normal middle ears from ears with pathologies that affect the ossicular chain. For example, information provided by a standard 226 Hz tympanogram is typically inadequate for distinguishing a normal middle ear from an ear with otosclerosis (Colletti, 1976; 1977; Hunter & Margolis, 1992; Lilly, 1984; Van Camp, Creten, van de Heyning, Decraemer, & Vanpeperstraete, 1983) . It is possible that low-frequency tympanometry fails to reveal a distinct pattern for otosclerosis because the status of the tympanic membrane dominates the tympanogram and thus effectively overshadows conditions affecting more medial structures. However, recent studies suggest that identification of otosclerosis (or stapes fixation) can be substantially improved using measures derived from multifrequency, multicomponent tympanometry or by combining tympanometric variables in specific ways (Lilly, 1973; Margolis & Shanks, 1991; Shanks & Shelton, 1991) . The present study provides data to explore these possibilities.
With respect to low-frequency tympanometry, a number of studies have compared static compliance or static admittance (SA) measures recorded in normal and otosclerotic ears (Alberti & Kristensen, 1970; Dempsey, 1975; Jerger, 1970; Jerger, Anthony, Jerger, & Mauldin, 1974) . This research has consistently shown that, on average, static compliance tends to be lower in otosclerotic ears. However, the extensive overlap in the distributions of static compliance for normal and otosclerotic ears severely limits the diagnostic value of this measure.
Two studies published in the 1970s reported that in otosclerotic ears the 226 Hz tympanogram has a sharper or steeper peak compared with normal ears (Dieroff, 1978; Ivey, 1975) . Subsequent studies indicated that tympanometric width (TW) is the best index for quantifying steepness of the tympanometric peak (DeJonge, 1986; Koebsell & Margolis, 1986) . TW corresponds to the width (in daPa) of the tympanogram measured at the admittance value, which is half of the compensated peak SA. Several studies supply normative data on this variable for adults (DeJonge, 1986; Margolis & Goycoolea, 1993; Margolis & Heller, 1987) and provide examples of otosclerotic cases that display a reduced TW (e.g., Shanks, 1984) . However, to our knowledge only one study has directly compared TW in normal and otosclerotic ears (Koebsell, Shanks, & Wilson, Reference Note 1) . They found that in 14 otosclerotic ears only four showed an abnormally narrow TW. However, none of these four patients showed abnormally low static compliance suggesting that low static compliance and narrow TW are independent manifestations of otosclerosis and thus can be combined to enhance diagnostic accuracy.
The development of multifrequency, multicomponent admittance devices has made it possible to record admittance across a wide range of probe tone frequencies and to derive its polar components (admittance magnitude and its phase angle) or rectangular components (susceptance and conductance). To date, the advantage of multifrequency, multicomponent tympanometry over standard low-frequency tympanometry has been confirmed in detecting low impedance pathologies but has not been established with respect to commonly occurring high impedance pathologies such as otosclerosis (Van Camp, Shanks, & Margolis, 1986) . One potentially useful parameter that can be derived from multifrequency, multicomponent tympanometry is an estimate of the middle ear resonant frequency. Resonant frequency corresponds to the frequency at which mass and stiffness contribute equally to the middle ear admittance; at resonant frequency the admittance phase angle is zero. Resonant frequency has potential diagnostic value in that mass loading pathologies (such as ossicular discontinuity) are known to be associated with decreased stiffness and a lowering of resonant frequency whereas pathologies that increase middle ear stiffness (such as otosclerosis) have been shown to shift resonance to a higher frequency (Colletti, 1975 (Colletti, , 1976 (Colletti, , 1977 Lilly, 1973; Van Camp & Vogeleer, 1986; van de Heyning, Reference Note 2; , Zwislocki, 1982) .
In the mid-1980s researchers began to explore the diagnostic potential of resonant frequency using commercially available computer-based admittance devices. Funasaka, Funai, and Kumakawa (1984) published normative data using a new procedure to derive resonant frequency. These data were gathered using a custom built instrument; a similar multifrequency procedure used to derive resonant frequency has now been implemented in a commercial device, the Grason-Stadler middle ear analyzer (GSI model 33, version 2) . Their custom instrument plots the difference in sound pressure and phase angle between 0 daPa and -200 daPa, whereas the GSI-33 plots the difference between susceptance (B) and phase angle at the tympanometric peak and at an extreme ear canal pressure as a function of frequency. In a subsequent study using the custom instrument and procedures Funasaka and Kumakawa (1988) compared resonant frequency measures in 50 normal ears and 22 otosclerotic ears. They found that, on average, otosclerotic ears exhibited higher middle ear resonant frequency compared with normal middle ears. However, the distributions of resonant frequency values in normal and otosclerotic ears also overlapped considerably. Similar findings were reported by Valvik, Johnsen, and Laukli(1994) in a study using the GSI-33 and a slightly different procedure for deriving resonant frequency.
Using the Virtual digital immittance instrument, Shanks, Wilson, and Cambron (1993) conducted multifrequency tympanometry in 26 men with normal middle ear function to determine the effect of several ear canal volume compensation methods on the estimation of resonant frequency. They obtained similar resonance estimates when only compensation of susceptance was used and when both susceptance and conductance were compensated. Resonance estimates were also not affected when compensation was conducted using a single volume estimate at all frequencies versus frequency-specific volume estimation. However, resonant frequency estimates were significantly higher when negative tail (-350 daPa) rather than positive tail (+200 daPa) compensation was used. This effect is due to the asymmetry in the tympanogram at extreme positive and negative pressures (Margolis & Smith, 1977) , which affects compensation for ear canal volume, which, in turn, affects resonant frequency estimation. Margolis and Goycoolea (1993) gathered normative data on resonant frequency from 56 normal ears also using the Virtual instrument. They recorded susceptance and conductance tympanograms using 20 probe tone frequencies between 250 and 2000 Hz (1/6 octave step intervals). Using these data, resonant frequency was derived by finding the frequency at which compensated susceptance equals zero (i.e., by noting when the notch on the susceptance tympanogram equals the volume estimate value). Resonant frequency was estimated in four ways: 1) using positive compensation (+200 daPa), 2) using negative compensation (-500 daPa), and 3) using a volume estimate derived by a hypothetical line connecting the positive and negative tails and 4) by finding the lowest frequency at which the admittance tympanogram notched.
Each of these four methods of resonant frequency estimation was applied to data obtained using the two recording methods, sweep frequency (SF) and sweep pressure (SP), resulting in eight different estimates of a resonant frequency. The SP method is the traditional way to record a tympanogram, i.e., ear canal air pressure is continuously changed while probe tone frequency is held constant. To obtain multifrequency information, multiple SP recordings are run using different probe tone frequencies. With the SF method, ear canal air pressure is altered in discrete pressure intervals. At each successive pressure setting, a series of probe tones is presented. Thus, data are obtained at multiple frequencies with a single negative to positive(or positive to negative) pressure change, which is slower and thus takes longer compared with a single SP recording. With a cooperative subject, SF recording is a more efficient way to collect tympanometric data at many probe tone frequencies.
Margolis and Goycoolea found that resonant frequency estimates were higher when negative tail (rather than positive tail) compensation was used, consistent with findings of Shanks et al. (1993) . They also observed that resonant frequency was consistently lower when derived from the SP recordings compared with the SF recordings. Two factors potentially contribute to the lower estimate of resonant frequency with SP recording method. First, a lower resonance estimate may be due to the effect of conducting a large number of consecutive tympanograms, which is required when using the SP method. Acoustic admittance has been shown to be higher with multiple consecutive tympanograms, which produces notching on the susceptance tympanogram at a lower frequency, which, in turn, produces a lower estimate of resonant frequency (Osguthorpe& Lam, 1981; Vanpeperstraete, Creten, & Van Camp, 1979; Wilson, Shanks, & Kaplan, 1984) . Second, the faster rate of pressure change used in the SP recording method compared with the SF method may also contribute. Compensated susceptance has been shown to be higher (Shanks & Wilson, 1986) and the notch on the susceptance tympanogram to be deeper (Creten & Van Camp, 1974) when a faster rate of air pressure change is used, producing a lower estimate of resonant frequency.
On the basis of their data Margolis and Goycoolea put forth two recommendations. First, they recommended the use of positive compensation(+200 daPa) in the estimation of the resonant frequency because this produced lower intersubject variability and better test-retest reliability compared with other compensation methods. Second, they recommended the SP recording method for detecting pathologies associated with an abnormally high resonant frequency (such as otosclerosis) whereas SF recording method is recommended for identifying pathologies associated with an abnormally low resonance frequency. This recommendation is based on their finding that SF recordings produced higher estimates of resonant, with some normal-hearing subjects achieving resonant frequency at the highest probe tone frequency available on The Virtual System (2000 Hz). Thus, possible ceiling effects occurring with the SF procedure may limit the ability to measure abnormally high resonant frequencies. As well, SP recordings tend to produce relatively low resonant frequency values, although floor effects were not indicated, suggesting that the SP measures may be less sensitive than SF measures to pathologies that lower resonant frequency.
Overall, the Margolis and Goycoolea study will contribute to more widespread use of multifrequency tympanometry in clinical practice by providing norms for resonant frequency and by suggesting specific clinical methods for deriving resonant frequency for different clinical application. However, comparable data from pathological groups are needed to develop the most effective diagnostic criteria.
Another promising approach in the application of multifrequency, multicomponent tympanometry is provided by the recent work of Shanks and her colleagues (Shanks & Shelton, 1991; Shanks, Wilson, & Palmer, Reference Note 3) . From a plot of admittance components recorded at multiple frequencies between 226 and 1243 Hz, they determined the frequency at which the compensated conductance (G tm ) becomes equal to compensated susceptance (B tm ). This value corresponds to a 45[degrees] admittance phase angle (G tm = B tm @ 45[degrees]). They measured this index in 10 young normal ears and in one otosclerotic ear. Their data showed that the frequency corresponding to 45[degrees] phase angle was much higher in the otosclerotic ear (904 Hz) compared with the normal ears (mean = 565 Hz). Interestingly, resonant frequency in the otosclerotic ear was not markedly different from that in the normal ears. These preliminary findings suggest that the frequency corresponding to 45[degrees] phase angle may be a better index than resonant frequency with respect to distinguishing normal and otosclerotic ears. However, a larger sample of normal and otosclerotic ears must be examined to confirm this pattern and to determine the extent to which normal and otosclerotic ears may overlap in this parameter.
The primary goal of the present study was to provide a broad evaluation of the diagnostic utility of tympanometry with respect to distinguishing normal and otosclerotic ears. This goal was achieved by measuring four tympanometric parameters in ears with normal middle ear function and in otosclerotic ears. A secondary, but related, goal was to supply normative data on three of these tympanometric variables so as to facilitate the general application of tympanometric data obtained with the Virtual system (model 310).
The specific parameters examined in this study included two parameters derived from standard low-frequency tympanometry, SA, and TW, and two parameters that can only be derived from multifrequency, multicomponent tympanometry, resonant frequency and frequency corresponding to admittance phase angle of 45 [degrees] . Previous studies have either examined one or two of these parameters in otosclerotic and normal ears or have only provided normative data. A systematic within-subject comparison of these four tympanometric parameters in both normal and otosclerotic ears may enable us to improve the identification of otosclerosis via tympanometry. With these data the relative performance of each parameter in distinguishing normal and otosclerotic ears using test performance analysis can be determined. In addition, patterns observed across these four tympanometric variables within individuals can be assessed. With this information, strategies for combining tympanometric variables to improve diagnosis can be considered.
To date, normative studies indicate that different methods for estimation of the resonant frequency result in different mean values and different ranges of resonant frequency (Margolis & Goycoolea, 1993) . These findings suggest that the estimation procedure selected may have a significant impact on diagnostic utility. Moreover, the optimal estimation procedure is likely to depend on the specific diagnostic problem. For this reason, in the present study, resonant frequency was derived in five different ways; using two different recording methods and two different compensation methods, as well as using an automated screening procedure built into the Virtual 310. The frequency corresponding to 45[degrees] phase angle was also derived using two different recording methods. With these data, we can determine how different methods for estimation of each parameter affect our ability to identify otosclerotic ears and arrive at specific recommendations for this clinical application.
Methods

Subjects
Thirty-six normal-hearing adults and 14 patients diagnosed with otosclerosis served as subjects. No subjects in either group had a history of head trauma or otoscopic evidence of eardrum abnormality (assessed by an otolaryngologist). Subjects with tympanic membrane abnormalities were excluded because these more lateral pathologies can obscure more significant medial pathologies such as otosclerosis (Feldman, 1974) . The ears were cleaned at the time of otoscopic examination, if needed.
The normal-hearing subjects were McGill students or employees at the Royal Victoria Hospital who were compensated for their participation. To be included in the normal-hearing group, subjects had to 1) present pure-tone audiometric thresholds lower than 15 dB HL (re: American National Standards Institute, 1969) and no air-bone gap at octave frequencies between 250 and 8000 Hz, and 2) report no history of middle ear disease. Normal-hearing subjects ranged in age from 20 to 43 yr (mean age = 22 yr). Tympanometry was performed in both ears in normalhearing subjects. Data from four ears were excluded because tympanic membrane abnormalities, leaving a total of 68 ears.
Fourteen patients diagnosed with otosclerosis and scheduled for surgery were recruited from McGill Teaching Hospitals. The patient group included nine females and five males ranging in age from 29 to 69 yr (mean age = 48 yr). Fixation of the ossicular chain consistent with the diagnosis of otosclerosis was confirmed in all patients at the surgery. Tympanometry and audiometry were performed in both ears but only results from the candidate ear for the surgery were analyzed (total of 14 ears). * Three additional patients were recruited, but their data were excluded because of tympanic membrane abnormalities.
Pure-tone audiometry revealed a primarily conductive hearing impairment in 10 of the 14 patients. Audiometric data are presented in Table 1 . Four patients presented with a mixed hearing loss; in two of these patients the mixed loss was limited to the high-frequency region. The audiometric contour was generally rising with greater conductive component in the lowfrequency region than high-frequency region for all patients. The Carhart notch was observed in six patients; Carhart notch was defined as having bone conduction thresholds at both 1000 Hz and 4000 Hz that are at least 10 dB lower than the bone conduction threshold at 2000 Hz. 
Instrumentation
Pure-tone audiometry was conducted using a Grason-Stadler (GSI-16) audiometer calibrated according to American National Standards Institute standards (re: S3.6-1969). The Virtual digital immittance instrument (model 310) equipped with an extended high-frequency option was used to perform tympanometry. Before each data collection, the Virtual system was calibrated using three standard cavities (0.5, 2.0, and 5.0 cm 3 ) according to the operation manual provided by the manufacturer. With this device, admittance tympanograms are automatically displayed but a display of tympanometric data in rectangular or polar format is also readily accessible.
Procedure
In all subjects, tympanometry was performed after the otoscopic examination and pure-tone audiometry. For the patients, all testing was performed one day before surgery.
To begin immittance testing a 226 Hz tympanogram was recorded. Next, tympanograms were obtained at higher probe tone frequencies, first using the SF recording and then using the SP recording method. In the SF procedure, admittance magnitude was measured while air pressure in the external ear canal was decreased from +250 daPa to -300 daPa in discrete 9 daPa steps. At [Help with image viewing] each step, the probe tone frequency swept through a series of probe tones progressing from high to low frequencies. Two SF tympanograms were recorded; the first swept through a series of probe tone between 250 and 1000 Hz and the second swept through a series of probe tones between 1000 and 2000 Hz. In each series, the frequency changed in 1/6 octave steps; in total 20 probe tone frequencies were used.
In the SP method, air pressure of the external ear canal was decreased continuously from +250 to -300 daPa (positive to negative) at a rate of 125 daPa/sec (fast pump speed) while the probe tone frequency was held constant. This procedure was repeated for multiple probe tone frequencies ranging from 250 to 2000 Hz progressing from low to high frequencies. Twenty tympanograms were recorded one at each of the same frequencies used in the SF recording.
A decreasing pressure direction (positive to negative) was used for both SF and SP tympanograms because it results in fewer irregular tympanograms compared with the ascending direction of pressure change (Margolis & Shanks, 1985; Wilson, Shanks, & Kaplan, 1984) . The right ear was tested first for all the normal-hearing subjects.
Nine measures were derived from the tympanometric data. Three measures were automatically calculated by the immittance system when the initial 226 Hz tympanogram was recorded: SA, TW, and the screening for resonant frequency. Four additional estimates of resonant frequency were also derived from the SP recordings and from the SF recordings; two estimates were derived from data obtained using each of the two recording methods, one estimate using positive tail compensation and one estimate using negative tail compensation. Two estimates of the frequency corresponding to 45[degrees] admittance phase angle were also derived; one estimate was derived from the SP recordings and a second estimate was derived from the SF recordings.
Results and Discussion
Results were evaluated from three perspectives. First, the data were examined separately for each of the four tympanometric variables, comparing the findings to previous normative studies and to research on differences between normal and otosclerotic ears. Next, the data from a test performance perspective were analyzed to assess the relative performance of the nine different measures. Finally, patterns of test performance were studied across the nine measures in individual normal-hearing and patient subjects to consider how the various measures may be combined to improve the identification of otosclerotic ears.
Static Admittance
SA was derived automatically by the immittance system using negative tail compensation (-300 daPa). Table 2 provides descriptive statistics for both normal-hearing and patient groups. SA measures observed in our normal-hearing subjects are comparable to previous normative data reported by Margolis and Goycoolea (1993) and by Shanks and Wilson (1986) . The slight differences observed most likely are a result of different procedures used to derive SA in these studies. As expected, these data reveal a lower mean SA and a larger standard deviation for the otosclerotic ears compared with the normal ears. However, this difference was not statistically significant (t[80] = 1.22; p < 0.11) as there was a significant overlap in the distribution of SA values observed in the normal and otosclerotic group. This finding is consistent with previous research (Alberti & Kristensen, 1970; Dempsey, 1975; Jerger, 1970; Jerger et al., 1974) . Overall, the present findings suggest, as do previous studies, that, by itself, SA at 226 Hz has very limited potential as a parameter for distinguishing normal and otosclerotic ears.
Tympanometric Width
TW in daPa was also automatically calculated by the immittance system by computing the width (in daPa) of the tympanogram at a point corresponding to one half of the SA determined using negative tail compensation (-300 daPa). Descriptive statistics on TW in normal-hearing and patient groups are provided in Table 2. TW measures in our normal-hearing subjects were compared with three previous normative studies (DeJonge, 1986; Margolis & Goycoolea, 1993; Margolis & Heller, 1987) . DeJonge (1986) reported a higher average TW value (110 daPa) and a wider 90% range (60 to 160 daPa) than was observed in this study. These differences likely are due to the use of different admittance devices and different rates of pressure change (50 daPa/sec in the DeJonge study compare to 125 daPa/sec used in this study). Several studies have shown that a faster rate of pressure change results in higher SA (Koebsell & Margolis, 1986; Creten & Van Camp, 1974) , which, in turn, will produce a narrower TW. Our findings were comparable to those of Margolis & Heller (1987) who reported an average TW of 76.8 daPa and 90% range of 51 to 114 daPa, even though they used a different admittance device, different compensation procedures, and different rates of pressure change. Margolis and Goycoolea (1993) reported data on TW obtained using the same admittance device as the present study, but a different rate of pressure change (250 daPa/sec in Margolis & Goycoolea and 125 daPa/sec in this study) and different compensation procedures (200 daPa in Margolis & Goycoolea and -300 daPa in this study). They reported a higher average TW (106 daPa) and a wider 90% range (42 to 183 daPa) than was observed in the present study. Reasons for the differences in TW across these two studies are unclear because the procedural differences should have resulted in systematically higher, rather than lower, TW results in the present study compared with Margolis & Goycoolea.
As expected, our findings reveal a lower mean TW and a larger standard deviation for the patients compared with the normal-hearing subjects. However, this difference was not statistically significant (t[80] = 0.589; p < 0.28) as there was a significant overlap in the range of TW observed in the normal-hearing and patient group. Overall, consistent with Koebsell et al. (Reference Note 1), our findings indicate that, by itself, TW derived from a 226 Hz tympanogram is not a useful parameter for distinguishing otosclerotic ears and normal ears. Resonant Frequency-Screening Mode When a standard 226 Hz tympanogram is recorded, the Virtual system performs an automated screening for resonant frequency. To arrive at the resonant frequency a probe tone is swept from 500 through 2000 Hz and admittance phase angle is plotted as a function of probe tone frequency after the ear canal volume is corrected from the rectangular components (see Shanks, Wilson, & Cambron, 1993 for details on steps involved). The plot of phase angle as function of frequency is displayed at the upper right corner of the screen. The resonant frequency that appears on the screen is the frequency that corresponds to a 0[degrees] phase angle on this plot. Descriptive statistics corresponding to this measure are provided in Table 2 for both normal-hearing and patient groups.
To our knowledge resonant frequency measures obtained using this automated screening function have not been reported in either normal or pathologic ears. An extensive overlap between the normal and otosclerotic ears was observed and the mean value of the patient group was unexpectedly lower than the normal-hearing group. This difference was not statistically significant(t [80] = 0.84; p < 0.2). However, two observations (made with several Virtual 310 instruments) indicate that this screening function does not provide a valid measure of resonant frequency. First, many of the subjects exhibited an abrupt spike in their phase plot (see upper right corner of Fig. 1 ), which likely is due to an instrumentation artifact. In this example, the lowest frequency at which the spike crossed the 0[degrees] phase angle value (355 Hz) was erroneously labeled as the resonant frequency whereas the resonant frequency derived from examination of susceptance and conductance tympanograms was close to 1800 Hz. Second, in some cases it was found that the relationship between susceptance and conductance at specific probe tone frequencies was inconsistent with the phase angle in the phase plot. For example, in Figure 2 the resonant frequency obtained automatically from the screening mode was 450 Hz. As shown in Figure 2 , analysis of susceptance (B) and conductance (G) at this probe tone frequency revealed that the G is smaller than compensated B, which is consistent with admittance phase angle below 45[degrees] . This discrepancy appears to be due to a hardware or software error that shifted the baseline of phase angle plot below 0[degrees] (see upper right corner of Fig. 2 ). In conclusion, at present, the automated screening mode for deriving resonant frequency with the Virtual system does not appear to provide a meaningful estimate of middle ear resonance. There appear to be problems in the technological implementation of this approach that must be addressed. For this reason, clinical application of this automated screening for resonant frequency is not recommended at this time.
Derived Estimates of Resonant Frequency
Resonance occurs at the frequency corresponding to zero susceptance, i.e., when the mass and stiffness elements in the middle ear are equal. Thus, one way to estimate resonant frequency is by examining the susceptance tympanogram at multiple probe tone frequencies to find the frequency at which compensated susceptance equals zero. In the present study this was achieved by finding the frequency at which the notch on the susceptance tympanogram is closest to the positive or negative tail of the tympanogram, depending on the compensation method used. In this study, two compensation methods were used to derive the resonant frequency estimate: positive tail compensation (+250 daPa), and negative tail compensation (-300 daPa). These two compensation methods were applied to data obtained from each of the two different recording procedures, SF and SP, resulting in four derived estimates of resonant frequency. Descriptive statistics for these four estimates of resonant frequency are shown in Table 3 for both normalhearing and patient groups. The estimates of resonant frequency in our normal-hearing subjects were generally lower than the results reported in several previous studies of resonant frequency in normal middle ears (Funasaka et al., 1984; Margolis & Goycoolea, 1993; Shanks et al., 1993; Valvik et al., 1994) . With respect to data reported by Funasaka et al. (1984) and by Valvik et a al. (1994) , these differences may be attributed to the use of different estimation procedures and/or different admittance instruments compared with the present study. Margolis and Goycoolea (1993) and Shanks et al. (1993) employed the same immittance device as the present study and similar, although not identical, methods to derive resonant frequency. Table 3 provides a summary of our results along with the results reported in these two studies to facilitate comparison of our results with previous findings. The pressure values used for compensation in each study are also listed. Shanks et al. (1993) measured resonant frequency using the SF recording method with positive and negative tail compensation at pressure values close to those employed in this study. The mean and 90% range reported by these researchers for their SF+ estimate are quite close to our SF+ estimate. The median for their SF-estimate is higher than our mean SF-estimate and the range is narrower compared with our SF-estimate. However, it should be noted that for 12 of their 26 subjects resonance appeared to fall above the highest probe frequency (1243 Hz) used in that study, indicating that their reported data clearly underestimate the SF-resonant frequency values that could have been measured in their subjects.
As in the present study, Margolis and Goycoolea(1993) measured resonant frequency using both SF and SP recording methods and using positive and negative tail compensation. Table 3 shows that [Help with image viewing] for each value was lower than the mean value reported by Margolis and Goycoolea. As well, our standard deviation and 90% range for each resonance estimate were narrower than the values reported by these researchers. The discrepancy between the two studies is most pronounced with respect to the upper limit of the 90% range, which is substantially lower in the present study for each estimate of resonant frequency.
With respect to SF-and SP-measures, differences in the pressures used for compensation likely contribute to the discrepancy in resonant frequency across the two studies. Compensation using a less extreme negative pressure value (as in the present study) can be expected to result in a higher estimate of middle ear admittance (Margolis& Smith, 1977; Moller, 1965; Shanks & Lilly, 1981) and, in turn, a lower estimate of resonant frequency.
With respect to SF+ and SP+ measures of resonant frequency, the reasons for the differences across these two studies are unclear. With these measures, the difference in pressures used for compensation cannot explain the discrepancies because the effect of a more extreme positive compensation pressure (as was used in this study) would be to increase, not decrease, the estimate of resonant frequency. + Despite these differences, in both studies the four estimates show the same pattern of relative variability with SP+ and SF+ showing lower variability compared with SP-and SF-. As well, in both studies the same pattern of differences with respect to recording method and compensation method are found, with higher estimates of resonant frequency observed for the SF than for the SP recording method and also for negative compensation than for positive compensation. As mentioned earlier, the most reasonable explanation for obtaining a lower resonant frequency with the SP recording method is that this method requires performing a large number of consecutive tympanograms, which can be expected to produce a lower estimate of resonant frequency (Osguthorpe & Lam, 1981; Vanpeperstraete et al., 1979; Wilson et al., 1984) . The faster rate of pressure change used in the SP recording method (compared with the SF method) may have also contributed to the lower estimates of resonant frequency for the SF recordings. As discussed earlier, the differences associated with compensation method are explained by the asymmetry of the tympanogram and its effect on compensated susceptance and resonance estimation.
Group (normal-hearing versus otosclerotic) and Resonance Estimate (SF-, SF+, SP-, SP+) differences were statistically analyzed in a mixed model analysis of variance. This analysis revealed a significant main effect of Group (F [1, 80] = 10; p < 0.0021) indicating that mean resonant frequency was significantly higher in the otosclerotic ears, consistent with previous studies Colletti, 1977; Funasaka et al., 1984; Funasaka & Kumakawa, 1988; Valvik et al., 1994) . The main effect of Resonance Estimate was also significant (F [3, 80] = 14.18; p < 0.00001). Subsequent Tukey comparisons (p < 0.001) confirmed an effect of compensation with significantly higher resonant estimates observed for SF-than for SF+ and for SP-than for SP+. An effect of compensation method was also confirmed with a significantly higher resonance estimates observed for SF+ than for SP+ and for SF-than for SP-. The Group by Resonance Estimate interaction was not significant (F [3, 80] = 2.374; p < 0.07), perhaps due to the small and unequal sample size across the two groups. These findings confirm the patterns described above, which were also reported by Margolis & Goycoolea (1993) .
Although the Group by Resonance Estimate interaction was not significant, inspection of Table  3 suggests that different recording and compensation methods had a marked effect on the resonant frequency estimate in normal ears but little impact in the otosclerotic ears. As well, the difference between the normal and otosclerotic ears is larger for measures derived using positive tail compensation (SP+ and SF+) than for measures using negative compensation (SP-and SF-).
In contrast, the difference between the normal and otosclerotic ears appears to be less affected by use of SP versus SF recording method. Furthermore, within the normal-hearing group, there are much larger differences in intersubject variability associated with compensation procedure (SF-versus SF+ and SP-versus SP+) than with recording method (SF-versus SP-and SF+ versus SP+). Taken together, these observations suggest that in using resonant frequency to identify otosclerosis the choice of compensation procedure has greater impact than does the choice of SF versus SP recording method.
Overall, three conclusions can be drawn with respect to using derived measures of resonant frequency to distinguish normal and otosclerotic ears. First, resonant frequency is superior to measures obtained using standard low-frequency tympanometry. Second, the choice of compensation method may be more important than the choice of SF versus SP recording method. Finally, more accurate identification of otosclerosis can be expected when resonant frequency is estimated using positive (rather than negative) tail compensation.
Frequency at Admittance Phase Angle of 45[degrees]
To estimate the frequency corresponding to 45[degrees] phase angle, the lowest frequency at which peak conductance first became equal or larger than compensated peak susceptance was determined. An example is shown in Figure 3 . This was accomplished by comparing compensated susceptance and compensated conductance tympanograms at each probe tone frequency. The susceptance tympanogram was compensated using a volume estimate taken from the negative tail of the susceptance tympanogram. The compensation was accomplished by simply selecting "compensated susceptance" from the display menu; the precise pressure value used when this feature is selected is not stated in the manual but appears, from the display, to be-300 daPa. This procedure was applied to tympanograms recorded using the SF and SP methods. Descriptive statistics corresponding to this measure are provided in Table 4 for both SF and SP recordings. Shanks et al. (Reference Note 3) . To our knowledge, no other studies of this parameter have been published. The mean F45
[degrees] was also lower and less variable for the SP recording method compared with the SF recording method in both normal-hearing and patient groups. As with resonant frequency, the lower F45[degrees] value measured using the SP recording method is most likely due to the effect of conducting consecutive tympanograms. The faster rate of pressure change used with the SP than with the SF recording method may also have contributed to a lower value for the SP measures. Overall, these findings indicate that the frequency corresponding to phase angle of 45[degrees] is a useful parameter for distinguishing normal and otosclerotic ears. On the basis of the present results, the SF recording method is recommended when F45[degrees] is used to identify otosclerosis or other high impedance pathologies.
Group (normal-hearing versus patients) and
Test Performance Analysis
Test performance was evaluated using two criteria for defining normal function that are found in the current literature: 1) values falling within the 95% confidence interval around the mean, and 2) values falling within the 90% range, i.e., the range encompassing values between the 5th and 95th percentile ++ Using each of these criteria for normal function, correct and incorrect classification of patients and normal-hearing subjects was determined for each measure. Then using the classification data, several measures of test performance were computed and compared. Table 5 summarizes test performance results for the nine tympanometric measures used in this study. The percentage of the otosclerotic ears correctly identified (i.e., hit [HT] rate or sensitivity) and the percentage of the ears incorrectly identified as otosclerotic (i.e., false alarm [FA] rate or false positive) were calculated separately for each criterion. For TW and SA, cases were identified as otosclerotic when their value fell below the lower limit of the normal values. For the remaining measures, cases were identified as an otosclerotic ear when their value on the measure exceeded the upper limit of normal values. A' was also calculated from the HT rate and FA rate. [S] A' is a way of measuring the test performance in which HT rate is adjusted by the rate of false positives. To achieve a high A' score, a test must have both a high HT rate and a low FA rate. A' varies from 0.5 for a useless test to 1.0 for a perfect test (for more discussion see Robinson & Watson, 1972) . As shown in Table 5 , of the two criteria used in this study, 95% confidence interval provides greater sensitivity (i.e., higher HT) rate than does 90% range. Analysis of relative test performance will focus on test performance results obtained using the 95% confidence interval to define normal function. Similar, though less pronounced, patterns are evident in the results obtained using the 90% range criterion. Table 5 shows that F45[degrees]: SF was the best single tympanometric measure for differentiating normal and otosclerotic ears. This measure had the highest HT rate and the lowest FA rate. Following F45[degrees]: SF, the four derived estimates of resonant frequency showed better performance compared with the remaining measures. As expected, better performance was obtained for derived estimates of resonant frequencies using positive tail compensation (SF+ and SP+) compared with those that were derived using negative tail compensation (SF-and SP-), whereas test performance was more similar for measures derived using different recording methods (SF+ versus SP+ and SF-versus SP-) . The FA rate for F45 [degrees] : SP was comparable to TW and to resonant frequency-screening mode (Fr: Scrn) measures, however, its HT rate was better. Although the HT rate for SA was higher than any other measures (except F45 [degrees]: SF), it had the poorest specificity among the nine measures. TW and to Fr: Scrn had the poorest performance compared with the other variables, although TW had a better HT rate than the Fr: Scrn measure.
Overall, the test performance analysis confirms that both resonant frequency and the frequency corresponding to 45[degrees] phase angle are potentially more useful than parameters derived from standard low-frequency tympanometry with respect to distinguishing normal from otosclerotic ears. However, to optimize this potential these multifrequency parameters must be derived in specific ways, i.e., using positive tail compensation for the resonant frequency estimation and using the SF recording method for F45 [degrees] . The present findings also confirm that F45[degrees], when derived from SF recordings, is a better parameter for distinguishing normal from otosclerotic ears than is resonant frequency, as suggested earlier by Shanks et al. (Reference Note 3) .
Individual Patterns of Test Performance
Patterns of test performance based on the 95% confidence interval criteria were also examined in individual patients. Results are displayed in Table 6 for the patients and in Table 7 for the normal-hearing subjects. In these tables, a positive sign (+) indicates a correct diagnosis (HT) in the patient group and an incorrect diagnosis as otosclerotic in the normal-hearing group (FA). The negative sign (-) indicates incorrect identification as normal-hearing(miss) in the patient group and correct identification as normal-hearing in the normal-hearing group (correct rejection). TABLE 6. Patterns of test performance of the nine tympanometric parameters in individual patient subjects based on 95% confidence interval criteria. The (+) sign indicates a correct diagnosis as an otosclerotic ear (HT). The negative sign (-) indicates incorrect identification as normal (false negative) in the patient group. The abbreviations are defined in Table 5.   TABLE 7 . Patterns of test performance of the nine tympanometric parameters in individual normal-hearing subjects based on 95% confidence interval criteria. The (+) sign indicates incorrect diagnosis as an otosclerotic ear (FA) in the normal-hearing [Help with image viewing] subjects. The negative sign(-) indicates correct identification as normal-hearing in the normal-hearing group (specificity). The abbreviations are defined in Table 5 .
Tables 6 and 7 reveal that individual patterns were not stable across different tympanometric measures. That is, whether or not an individual, normal-hearing or patient, is identified as having otosclerosis depends on the particular tympanometric measures considered. Table 6 shows that every patient was correctly identified by at least one of the measures used in this study. This means that by combining one or more measures, a 100% HT rate can be achieved. On the other hand, inspection of Table 6 reveals that 90% of the normal-hearing subjects were incorrectly identified as otosclerotic on at least one measure and a large proportion of the normal-hearing subjects (59%) were incorrectly identified on three or more measures. Furthermore, 35 different patterns of incorrect diagnosis across the nine measures were observed in the normal-hearing group. These findings indicate that combining measures is likely to decrease specificity (i.e., raise the false rate), however reduced specificity may be avoided by modifying the criteria defining normal function.
An interesting pattern was noted in Table 6 . With respect to Cases 1, 2, and 3 (in this case, SA also correctly identified the patient), only TW correctly identified these patients as having an otosclerotic ear. All the remaining patients were correctly identified by one or more of the remaining eight measures. These individual patterns of test performance indicate that two distinct signs of disease exist in the patient group: 1) an increase in the stiffness of the middle ear system, and 2) a change in the dynamic response of the tympanum/middle ear system in response to changes in ear canal pressure. The first sign is manifest (in varied degrees) in the measures of SA, resonant frequency, and frequency corresponding to 45[degrees] phase angle. The second sign is manifest in an abnormally narrow TW. Every patient displayed one of these two signs; only four patients displayed both signs. Thus, by combining TW with one of the other eight measures sensitivity, and perhaps overall test performance, can be improved.
The most reasonable measure to consider combining with TW was F45[degrees]: SF as this was the best single tympanometric variable for discriminating normal and otosclerotic ears. These two measures were combined such that to be classified as otosclerotic a subject had to be (+) on either TW or F45[degrees]: SF, and subjects who were (-) on both of these measures were classified as normal-hearing. Combining these two measures resulted in 100% HT rate but produced very poor specificity (63% FA rate) when normal range was defined using the 95% confidence interval for both measures. To solve this problem the criteria defining "abnormal" TW was modified such that to be identified as otosclerotic a subject had to have a TW less than 47 daPa, a value that is very close to the 5th percentile. With this combination, 100% HT rate was maintained and a 32% FA rate was achieved, producing an overall A' of 0.92. The test performance for this combination of measures exceeds the performance of any single measure examined in this study (see Table 5 ).
The test performance achieved by combining SA and TW, was also evaluated using the new [Help with image viewing] criteria for TW described above to avoid a large increase in FA rate. This combination was of interest because both TW and SA are easy measures for most clinicians to obtain. When SA (defined using 95% CI criteria) and TW were combined the HT rate was 93% and the FA rate was 56%, resulting in an overall A' of 0.81. Thus, the test performance for this combination is lower than when F45[degrees]: SF and TW were combined. Nevertheless, HT rate and overall test performance are better when SA and TW were combined than when either was used alone. Test performance also was evaluated when TW (using the same criteria) and SA were combined using the 90% range criteria to define normal for SA. This was done because the 90% range is a more appropriate criteria to apply with SA that has a skewed distribution. 4 With the combination, HT rate was 50%, FA rate was 6%, and overall A' was 0.84. Thus, when SA and TW are combined in this way, an overall test performance close to that of the multifrequency measures is achieved (see Table 5 , A' values for 90% range).
The patients' audiograms were also examined to determine if the two signs of otosclerosis evident in our tympanometric data were correlated with particular audiometric patterns, including slope of hearing loss, type of hearing loss, air-bone-gap patterns, and presence of Carhart notch. No clear patterns were evident.
Summary and Conclusions
The primary goal of this study was to evaluate alternative tympanometric measures for distinguishing normal ears from otosclerotic ears using indexes derived from both standard and multifrequency tympanometry. A secondary goal was to provide guidelines and normative data for interpreting tympanometric data obtained using the Virtual 310 computer-based immittance system. To address these goals, nine tympanometric measures were examined in 68 normal ears and 14 subjects with surgically confirmed otosclerosis. Two measures, SA and TW were derived from a single component standard 226 Hz tympanogram. The remaining seven measures were different estimates of resonant frequency and frequency corresponding to 45[degrees] phase angle (F45[degrees]) obtained using multifrequency, multi-component tympanometry.
The findings of the present study support the following conclusions:
1. To develop optimal decision criteria for application of tympanometric measures, it is necessary to consider data on both the normal-hearing population (to assess specificity) and the relevant disease population (to assess sensitivity). 2. Measures derived from multifrequency, multi-component tympanometry generally outperform measures obtained from standard low-frequency tympanometry with respect to distinguishing normal and otosclerotic ears. 3. When measured using the Virtual 310 instrument, the frequency corresponding to admittance phase angle of 45[degrees] is a better index for distinguishing normal and otosclerotic ears than is resonant frequency, as was suggested by Shanks and her colleagues (Shanks & Shelton, 1991) . However, it is important to recognize that this finding may be due, at least in part, to the fact that the probe frequencies available with this instrument are separated by 1/6 octave intervals, which means that the precision of parameters derived from multifrequency tympanometry decreases as probe tone increases. Therefore, this scaling of probe frequencies limits the precision of the resonant frequency measures(which are higher frequency) to a greater extent than the measures of F45 [degrees] . It is possible that different results would be observed if the selection of probe frequencies were not restricted in this way. 4. Two independent signs of pathology are evident in tympanograms recorded in otosclerotic ears: 1) an increase in the stiffness of the middle ear, and 2) a change in the dynamic response of the tympanic membrane/middle ear system to changes in ear canal pressure. Most patients (10 out of 14) were accurately identified by only one of these two signs. Therefore, combining tympanometric measures that index each sign can improve identification of otosclerosis. In the present study, overall test performance was optimized by combining F45[degrees] derived from SF recordings with TW. However, diagnostic accuracy can also be improved by combining appropriate measures derived from a single 226 Hz tympanogram, such as SA and TW. 5. Technical problems encountered with the automated screening for resonant frequency on the Virtual immittance device make this screening measure unsuitable for clinical application at this time. 6. It is recommended that resonance frequency and frequency corresponding to 45 [degrees] phase angle be derived from SF (rather than SP) tympanograms when these measures are to be used to distinguish normal and otosclerotic ears. This method is both faster and has better diagnostic value for this application. 7. Positive tail compensation is recommended for estimation of the resonant frequency to distinguish normals from otosclerotic ears, consistent with the recommendation made by Margolis and Goycoolea(1993) .
Studies are underway to address three questions raised by the findings of the present study:
1. How does method of compensation used to derive SA and TW affect the diagnostic value of these measures with respect to distinguishing normal and otosclerotic ears? The present study did not address this issue although it has been shown that compensation method affects these measures in both normal and disordered middle ears (Koebsell et al., Reference Note 1; Margolis & Shanks, 1991 2. What is the diagnostic utility of SA and TW derived using a single probe tone frequency near the frequency corresponding to admittance phase angle of 45 [degrees] and how does it compare to the present results? Several clinical and laboratory studies have reported prominent differences between normal and otosclerotic ears (Burke, Nilges,& Henry, 1970; Margolis, Osguthorpe, & Popelka, 1978; Zwislocki, 1963) when compensated static impedance or admittance components recorded using higher probe tone frequencies were compared. Moreover, a simple measure of SA and TW takes less time compared with other multifrequency parameters. 3. Are the distinct tympanometric signs of otosclerosis identified in this study associated with different manifestations of the disease that are evident at surgery. * The second ear could not be included within the normal-hearing group because the hearing loss was either bilateral or the other ear had already undergone surgery. [Context Link] + With respect to SP+ and SP-measures, it should also be noted that the lower rate of pressure change used in this study (125 daPa/sec) compared with the 250 daPa/sec rate used by Margolis and Goycoolea did not result in higher resonant frequency values in the present study, as might have been predicted. Apparently, the difference in these two rates is not sufficient to affect the estimation of resonant frequency. [Context Link] ++ Unlike 95% confidence interval, 90% range is considered appropriate for defining normal variation of a skewed distribution. Calculation of Pearson's coefficient of skewness indicated that, among our nine measures, only the distribution for SA is skewed (positive skew). [Context Link] 
